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Abstract
The advent of gene therapy in the early 1990’s raised expectations for brain tumor therapies; however,
whereas clinical trials in patients with malignant gliomas provided evidence of safety, therapeutic
benefit was not convincing. These early forays resembled the historical introductions of other
therapies that seemed promising, only to fail in human trials. Nevertheless, re-study in the laboratory
and retesting in iterative laboratory–clinic processes enabled therapies with strong biological
rationales to ultimately show evidence of success in humans and become accepted. Examples, such
as organ transplantation, monoclonal antibody therapy and antiangiogenic therapy, provide solace
that a strategy’s initial lack of success in humans provides an opportunity for its further refinement
in the laboratory and development of solutions that will translate into patient success stories. The
authors herein summarize results from clinical trials of gene therapy for malignant gliomas, and
discuss the influence of these results on present thought in preclinical research.
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1. Introduction
Gliomas, the most frequent brain tumors, affect ~ 15,000–18,000 individuals each year in the
US, and, at present, average survival is ~ 14 months for patients harbouring the most malignant
gliomas and treated with the standard therapy of surgery, radiation and chemotherapy [1,2].
Gliomas are seen as focal masses with infiltrating margins comprised of malignant cells that
migrate towards normal brain tissue [3]. These migrating cells are difficult to target because
they cannot be imaged, the blood–brain barrier (BBB) prevents systemic chemotherapies from
reaching them and they resist usual treatments that select for dividing cells. The migration of
these cells causes the tumors to recur soon after therapy, rendering existing treatment regimens
only palliative [1,3].

Several modalities have been and continue to be tested to treat malignant gliomas [4–7], and
gene therapy is undergoing extensive investigation [8–10] due to the widely characterized
genetic defects of gliomas [1,11,12] and the delimited localization of these tumors within the
brain.
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Gene therapy involves the delivery of genes that drive the therapy to the cancer cells. Thus, it
is crucial to find a vector that delivers a specific gene to tumor tissue efficiently and to define
the type of genes that kill tumor cells most effectively. Nevertheless, unexpected difficulties
arising in clinical trials of gene therapy in patients with brain tumors have taken the research
beyond exploration for the most efficient vector and therapeutic gene, and opened new fields
of investigation to improve brain tumor therapies. Herein, the authors focus on these difficulties
and how they are being addressed in experimental models.

2. Gene therapy systems
2.1 Gene therapy systems in preclinical studies

The vectors and genes tested in preclinical studies have been widely reviewed [8–10], and are
mentioned only briefly here; readers are referred to previously published reviews for their more
thorough discussion. The vectors can be subdivided into three major categories: cellular, non-
viral and viral.

Cellular vectors include bacteria and progenitor cells; have both been tested relatively recently
and differ very much from each other. Bacteria, such as Bifidobacterium, Salmonella and
Clostridium, have been shown to be effective vehicles of cellular delivery, particularly to
hypoxic regions of tumor, and to provide a potent immune response [13,14]. In clinical trials
in patients with tumors outside the brain, the use of bacteria has been encouraging, but it will
require further advances [15]. Neural stem or progenitor cells are migratory cells capable of
self-renewal and differentiation to neurons and glial cells, and they have been shown to migrate
towards cancer cells, thus representing a good means of targeting migrating gliomas [16,17].
Several attempts to insert cancer-therapeutic genes in these cells in preclinical studies have
proved promising [16,18], but no clinical trials have been performed.

Non-viral vectors include naked DNA and liposomes, which are delivered through injection
or tissue bombardment and enter the cancer cells by endocytosis [19]. Liposomes,
advantageous as gene therapy vectors as they are easy to produce and preserve and offer low
toxicity and immunogenicity [19], have been used in only one recent clinical trial for brain
tumors with evidence of safety [20,21].

Viruses remain the most efficient vectors in transducing tumor cells and have been used in
most gene therapy trials on brain tumors; they are subdivided into non-replicating viruses
(NRVs) [22–28] and replication-competent/oncolytic viruses (OVs) [29–31]. NRVs include
recombinant adenoviruses and retroviruses, infectious bacterial artificial chromosomes, herpes
simplex virus (HSV) amplicons, nucleic acid-free lentiviral nanoparticles and adeno-associated
viruses. NRVs are believed to be safer for therapy because they cannot replicate to form
infectious progeny, and they have been used in several clinical trials for treatment of gliomas.
OVs are believed to be more efficient as they can selectively replicate in cancer cells and form
progeny that can spread throughout the tumor mass. OVs are strongly cytotoxic, even without
carrying external genes, and their use without transgenes has been reported in clinical trials for
brain tumors. However, laboratory studies have shown that inserting a therapeutic transgene
can increase their therapeutic efficiency [29–31].

T lymphocytes, as well as NK and mesenchymal cells, were recently tested as a means to deliver
OVs; some viruses, such as vaccinia, replicate slowly in these cells, thus enabling cell-mediated
delivery to tumor before the virus lyses them [32–34].

For the above-mentioned vectors, the following four categories of therapeutic transgenes have
been described in laboratory research and extensively reviewed [8–10,30,31,35–37]:
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• transgenes that code for a tumor suppressor no longer expressed in cancer cells, for
example, for TP53 or for siRNA inhibiting overexpressed oncogenes, such as
epidermal growth factor receptor

• transgenes that code for immunostimulatory molecules to establish an anticancer
immune response (interleukin [IL]-2, -4, granulocyte-macrophage colony-
stimulating factor, IL-12, etc.)

• transgenes that inhibit crucial physiological processes required for brain tumor
development and progression, such as angiogenesis and invasion (e.g., soluble
domains of the receptor for vascular endothelial growth factor)

• prodrug-activating transgenes that increase local cytotoxicity of anticancer drugs, for
example, HSV thymidine kinase (TK) transgene in combination with systemically
delivered ganciclovir

In addition, a new category of transgenes that allows imaging of gene therapy is being tested
and is discussed below.

2.2 Clinical trials
Although several vectors for gene therapy are undergoing preclinical testing, few have
undergone clinical trials: four NRV systems (retrovirus carrying the HSV-TK gene or the HSV-
TK/IL2 cassette and adenovirus engineered with either TP53 or HSV-TK); four OVs (HSV-
derived G207 and 1716, adenovirus-derived ONYX-O15 and Newcastle disease virus [NDV]-
HUJ); and non-viral liposomes carrying the HSV-TK gene. Tables 1 and 2 summarize the results
of 20 clinical trials published to date [20,38–56].

The first attempt to use non-replicating retrovirus as a vector to deliver the HSV-TK gene to a
patient’s glioma was published in 1996 by Izquierdo’s group [38], who demonstrated the safety
and feasibility of a single intratumoral injection of retrovirus-producing cells (RVPC) followed
by intravascular (intravenous or intra-arterial) delivery of ganciclovir. Since then, several
clinical trials have evaluated the safety and efficacy of this therapeutic strategy [39–45]. The
vector was delivered through multiple RVPC injections guided by gadolinium-enhanced
magnetic resonance imaging (MRI) throughout the bed of resected tumors. Toxicity was
evaluated by clinical adverse events and local inflammatory reactions, and efficacy was
determined by MRI evaluation of tumor regression/progression and survival. Infiltration of
immune cells and inflammatory reactions that occurred did not cause toxicity or treatment-
related adverse events, demonstrating the safety of the strategy. Nevertheless, the efficacy of
the treatment was unproved, and positive response to therapy was observed only in isolated
events represented by patients with small tumors [39–41,45]. Ultimately, a randomized,
controlled trial in 248 patients demonstrated no significant difference between therapeutic
response to gene therapy with retrovirus carrying HSV-TK gene compared with standard
radiation therapy [45]. This was explained by the difficulty to deliver ganciclovir through the
BBB, inefficient intratumoral spread of RVPC and low retroviral transduction of tumor cells.

Indeed, although most trials have confirmed the viability of RVPC and the presence of HSV-
TK within tumor biopsies, Harsh et al. [43] assessed a double-injection strategy that allowed
immunohistochemical evaluation of the distribution of RVPC and HSV-TK. They concluded
that HSV-TK was present only in RVPC and distributed no further than 10 mm from the
injection site, indicating that any therapeutic result would be provided only by the bystander
activity of the thymidine kinase [43]. The virus-mediated infiltration of immune cells led to
the development of a retroviral vector carrying the HSV-TK and IL2 genes to combine TK/
ganciclovir chemo- with immunotherapy, but therapeutic efficacy did not appear to be
improved [46,47].
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Studies performed in Finland have been more encouraging. One trial, completed in 10 patients,
evaluated the extent of glioma transduction after injection of RVPC-LacZ versus adenovirus-
LacZ [57], and determined glioma LacZ transduction to be between 0.01 and 4% when using
RVPC, and between 0.01 and 11% with adenovirus [57]. Biologically, this can be justified by
the higher titers that can be generated with adenoviral vectors and because adenoviral
transduction does not require active cell division as does retroviral-mediated transduction. At
any one time, only a small percentage of glioma cells are mitotic and, thus, targets for retroviral-
mediated transduction, but adenoviral-mediated transduction can occur in both mitotic and
non-mitotic glioma cells. In a second trial, the Finnish researchers compared survival of human
patients randomized with treatment with RVPC-HSV-TK plus ganciclovir with that of patients
treated with adenovirus-HSV-TK plus ganciclovir, and they determined that mean survival was
< 9 months in the former group, but ≥ 15 months in the latter [48]. Although the groups were
small, these findings encouraged a randomized trial comparing adenovirus-HSV-TK plus
ganciclovir with standard treatment [52], which showed significantly prolonged survival in the
former group. Thus, exploration of the use of adenovirus to deliver HSV-TK in combination
with administration of ganciclovir or other nucleoside analogs as a therapeutic alternative may
be warranted [49,50,52]. One report determined that the transduction efficiency of an
adenovirus vector engineered with the TP53 tumor suppressor gene was limited to an area of
tumor averaging ~ 5 mm from the injection track [51]. However, additional results show that
combining TK delivery by adenovirus with radiation therapy can synergistically produce both
an anticancer pharmacologic effect and an immune effect [58]. To test this hypothesis, a Phase
I trial is underway that combines gene with radiation therapy (EAC, unpublished).

The limited intratumoral distribution of NRVs tested for gene therapy led to trials using OVs,
and although such use carried a potential risk of high toxicity from their replication capacity,
the OVs were expected to spread further from the injection track and infect a larger tumor area
than NRVs. The virus strains tested were HSV-derived G207 and 1716 [53,54], adenovirus-
derived ONYX-O15 [55], and NDV [56]. To increase viral distribution within tumors, NDV
was delivered intravenously. None of the trials reached the maximum tolerated dose (MTD)
of virus, suggesting safety of the strategy; however, evidence of efficacy was still lacking.
Finally, a recent clinical trial established the feasibility and safety of convection-enhanced
delivery (CED) of liposomes carrying the HSV-TK gene, but the therapeutic efficiency
remained low [20]. This trial is important because its testing of new delivery and imaging
techniques led to a more detailed understanding of tumor response to gene therapy. It is possible
that CED will provide a local delivery modality for NRVs and OVs that could result in a larger
volume of distribution.

Thus, therapeutic inefficacy in clinical trials has most likely resulted from suboptimal tumor
transduction of the vectors used. Transduction inefficiency could result from a variety of
factors, related to both the brain tumor physiology and the vector’s characteristics, alone or in
combination due to: insufficient viral titers; mechanical difficulties in the process of vector
delivery; insufficient dispersal of vector throughout the tumor matrix; host defense responses
against the vector and its transduced genes; tumor heterogeneity; inefficient replication of OV
in tumor cells; and acquired resistance of tumor cells to the therapy. A more detailed
understanding of the aforementioned limitations will improve therapeutic success and can be
achieved by establishing in vivo imaging methods that can follow the persistence and
intratumoral spread of the vectors and/or their therapeutic genes, tumor response to therapy
and intracerebral initiation of host defense responses over time.

The authors succinctly review the pertinent and most recent literature on each of the above
limitations and provide opinions regarding where advances may occur.
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3. Limitations for successful outcome of brain tumor gene therapy
3.1 Insufficient viral titers

Only one trial of gene therapy for gliomas has established a MTD in humans. This strongly
suggests that administered titers could have been and may remain below a possible effective
dose. The only published human trial to reach a toxic dose showed that a single stereotactic
injection of 2 × 1012 viral particles (vp) of adenovirus-HSV-TK into two patients with recurrent
malignant gliomas was associated with edema and altered consciousness, establishing the
toxicity of this dose for this particular construct in this type of disease (i.e., unresected recurrent
malignant glioma treated with a single injection) [49]. Based on this finding, the MTD of
adenoviral vectors seems to be < 1012 vp for unresected gliomas, and a trial for newly diagnosed
gliomas (resected and unresected) has been treating patients at this dose. Improved production
methods to maximize vector titers will be important to fully exploit Phase I trials and find the
MTD so that more detailed efficacy (Phase II and III) trials can be conducted with doses that
are non-toxic, but potentially maximally effective. For example, novel production methods for
a vector that is notoriously difficult to grow at high titers may provide avenues to resolve this
limitation [59,60].

3.2 Mechanical viral delivery techniques
Most commonly, vectors are delivered by direct injection of the virus into the tumor bed
following surgical tumor removal, but interstitial pressure from the skull created by the
presence of tumor and normal tissue within the brain limits the intracerebral distribution of
vectors. To increase the area of intratumoral viral spread, up to 70 virus injections in different
sites have been performed [52]. Another way to increase intratumoral spread of the virus is to
apply a pressure gradient in the extracellular space to create a convection flow (CED), which
results in the distal diffusion of the injected substance through the tumor tissue [61]. The
outcome of this delivery technique depends mainly on the chemical and physical characteristics
of the injected substance [62], and has been shown to be possible for liposomes and viruses
[61,63]. Nevertheless, delivery of liposomes carrying the HSV-TK gene by CED was not
therapeutically advantageous in clinical trials [20], probably due to the limited capacity of
liposomes to penetrate tumor cells. The problems to be solved with CED will relate to the
stability of vector preparations in syringes/pumps at the patient’s bedside, issues of safety to
nursing and other personnel with CED delivery systems containing gene therapy at the bedside,
and the possibility that vectors may bind to tubing.

Intraventricular injection was thought to be an alternative as it is relatively non-invasive and
circulating cerebrospinal fluid might facilitate viral distribution, but animal studies showed
high toxicity from inflammatory responses [64,65]. On the other hand, intravascular
(intravenous and intra-arterial) delivery has proven safe in animal models and allows targeting
of regions of tumor neovascularization, which represent migrating areas of gliomas; however,
inhibition of viral trespassing through the BBB, neutralization of the virus by innate and pre-
existing host immunity [66,67], and engulfment of vp in the liver limit the efficacy of
intravascular (intravenous or intra-arterial) delivery. Bench research has shown that the BBB
may be circumvented using osmotic and pharmacologic agents that increase trespassing of
adenovirus and HSV [68,69]; selective intra-arterial instead of intravenous delivery may
circumvent the first-pass effect of liver engulfment of vp [70,71]; and complement activation
against the injected vector was inhibited using immunomodulation [72–74].

A recently published clinical trial [56] showed that intravenous delivery of NDV was possible
in humans with glioma, but, clearly, additional advances will be needed.
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3.3 Insufficient dispersal through the matrix
One limitation to efficient viral intratumoral spread may be the compact network formed by
the extracellular matrix. To overcome this, pretreatment with proteases was tested in
experimental models of gliomas and melanomas, and was shown to be capable of increasing
cancer cell transduction by NRV adenovirus and distal intratumoral spread of HSV OV,
correlating with longer animal survival [75,76].

3.4 Host immune responses
Most viral vectors tested in clinical trials have been derived from viruses endemic to humans,
and intravascular delivery of such viruses will probably be neutralized by antibodies, such as
those against HSV and adenovirus [66,67]. However, evidence is lacking that such
neutralization could limit clinical outcome of present human clinical trials that deliver OVs
directly into the tumor bed. The presence within the tumor stroma of cells of the innate immune
system, which rapidly react to the vectors used for gene therapy, may limit the outcome of this
therapeutic strategy even when vectors are delivered directly to the tumor site [77,78], and
infiltration of immune cells was observed in almost all clinical trials published. The authors
have shown that intratumoral delivery of OVs to several models of gliomas in both mice and
rats pretreated with the immunomodulating agent cyclophosphamide increases > 10-fold the
capacity of viral intratumoral spread and replication, which increases survival [79–81]. It has
been shown to be attributable to cyclophosphamide inhibition of OV elicitation of antiviral
innate immune responses mediated by microglia/macrophages and natural killer cells, which
correlates with a rapid decrease of viral persistence in the tumor [80,81]. It is unclear whether
these innate immune responses derive from the periphery or are mediated primarily by
intracerebral defense mechanisms. This knowledge is important both to evaluate whether the
role of pre-existing immunity to the vector should be a concern when the vector is delivered
in situ, and to design immunomodulating strategies that can improve the therapeutic outcome
of gene therapy.

3.5 Tumor heterogeneity
Glioblastoma multiforme, the most malignant and frequent brain tumor, is thus named for its
heterogeneity. Efficient treatment is difficult when targeting specific genetic mutations due to
the various genetic alterations affecting the neoplastic cells that form this tumor. Moreover,
due to the heterogeneous presentation of receptors for vectors used in gene therapy, not all
tumor cells are susceptible to vector interaction with the same efficacy.

Studies by Curiel and colleagues [82] have elucidated the requirements for Coxsackie and
adenovirus receptor (CAR) expression in cells to achieve efficient infection of cells, and have
discovered that CAR is not highly expressed in a number of tumors, including gliomas. This
finding has spawned interest in re-engineering adenoviruses with tropism that is redirected
away from CAR toward receptors that are overexpressed in gliomas, such as integrins [83].
These RGD-modified adenoviruses display increased infectivity for gliomas and, thus, suggest
a potential avenue for increased efficacy. HSV1 tropism may also depend on expression of
HveC on tumor cell surfaces, so tropism redirected toward molecules expressed on glioma
surfaces is also possible for this virus [84].

3.6 Inefficient replication of oncolytic viruses
The efficacy of OVs against tumors is predicated on the principle that greater viral replication
(i.e., virion progeny production) results in increased infection and death of tumor cells, so
attenuation by genetic means may impair robust replication. As an example, replication of
HSV1 mutants in ICP34.5 gene function (the most common virus tested clinically) may be
impaired, but such impairment has been circumvented using either tumor-specific promoters
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to drive expression of ICP34.5 [85–89] or second-site suppressor mutations [90,91]. Several
tumor-specific promoters have also been used to drive expression of adenoviral genes [92].

3.7 Establishing resistance
The exciting discovery that viral mutants can replicate in tumor cells because a tumor
suppressor gene pathway is absent led to the construction of replicating viruses that target
tumors [93–96]; however, this targeted selectivity may also generate tumor cells within a
neoplasm that resist treatment by escaping from the particular targeted pathway. An avenue to
circumvent such a limitation may be in the generation of viruses by serial culture in tumor cells
to find viruses with multiple mutations that target multiple pathways needed for tumorigenesis
[97].

Another mechanism to circumvent tumor cell resistance will be combining therapies. As an
example, HSV has been engineered to express chemotherapy-activating gene [98–100] and
has worked synergistically with temozolomide, a standard chemotherapeutic, in oncolysis
[101].

4. Means and models for experimental therapeutics
4.1 Animal models for glioma experimental therapeutics

One major difficulty in establishing treatments for malignant gliomas is the absence of an
efficient animal model for preclinical studies. Commonly, glioma cells are injected into the
brains or flanks of animals. Such a system is practical for experimental therapeutics, but it does
not accurately reproduce the real features of malignant gliomas. These tumors will comprise
cells that have all the same genetic alterations and interact with gene therapy vectors with the
same efficacy as real tumors, are well circumscribed and usually do not invade the parenchyma
to the same extent as normal gliomas, and are very close to each other, thereby enhancing the
bystander effect of gene products used in gene therapy. In addition, primary human tumor
xenografts have been established in immunocompromised animals to reproduce the genetic
diversity of human gliomas, but these animal models do not realistically represent the host–
tumor interaction [102]. Thus, an effort is being made to develop animal models that replicate
glioma physiology in immunocompetent animals, such as germ line genetically engineered
models [103,104], somatic cell gene transfer through retroviral vectors [105] or embryonic
stem cells transgenesis [106]. Nonetheless, the use of such models for preclinical brain tumor
therapy is very limited as detecting and visualizing the tumor is difficult and the waiting time
to obtain a tumor is long. Moreover, results from the use of all animal models available for
evaluating experimental therapeutics for brain tumors are biased by the small size of the tumors,
which facilitate delivery of therapeutic substances. In conclusion, despite preclinical research
efforts, the absence of a good animal model makes translation of therapeutic efficacy from
rodents to humans difficult, so that therapies efficient in rodents fail in humans.

4.2 Imaging
In most trials reported, response to therapy was assessed not only by survival, but also by tumor
regression or progression, as established through gadolinium-enhanced MRI. This non-
invasive imaging of hypercellular areas with neovascularization provides information on tumor
vascularity, size and location [107]. Performed at different time points throughout treatment,
such imaging elucidates the difficulties associated with gene therapy by revealing small
changes occurring in tumor volume over time; therefore, improving such non-invasive imaging
techniques will enhance the quality and quantity of information about the disease condition
and efficacy of the therapeutic modality employed.
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Positron emission tomography (PET), a more novel molecular imaging technique, allows
quantification of the tumor’s metabolic state [108–110]. PET enables visualization of several
cellular functions related to increased proliferation, such as increased activity of membrane
transporters and cellular hexokinase and thymidine kinase [108–110], to allow differentiation
of normal brain tissue, low-grade glioma, high-grade glioma and necrotic tissue. Information
provided by PET complements data from MRI regarding certain tumoral aspects [108–110].
MRI and PET can be used during gene therapy to guide tumor resection, viral injection and
stereotactic biopsy of tumor specimens, and to quantify tumor response to therapy. The capacity
of PET to image molecular activity, such as membrane transporter and TK, also permits
visualization of intratumoral distribution of transgenes tested for gene therapy, such as
sodium+/iodide−transporter and HSV-TK [111–113]. In one clinical trial, in which HSV-TK
transgene was delivered by liposome vector using CED injection, MRI and PET provided
detailed quantification of tumor response to gene therapy versus CED-mediated distribution
of the vector and HSV-TK gene expression in cancer cells [20]. The results indicate a correlated
vector distribution and tumor response, and suggest the heterogeneity of glioma tissues as the
main limit to successful therapy.

The teams of Schellingerhout [71] and Rehemtulla [114] have employed molecular imaging
in experimental glioma models in which vectors radiolabelled with 111In-Oxine or engineered
with an Escherichia coli LacZ gene were delivered. Both groups quantified a precise mass
distribution of the vector [71,114]. Another group also used an OV adenovirus engineered with
the E. coli LacZ gene to quantify and compare intratumoral replication and persistence of the
OV in the presence and absence of the immunomodulator cyclophosphamide, thus
demonstrating the possibility of non-invasive in vivo imaging of the efficiency of gene therapy
applied in combination with other chemotherapeutic agents [81].

Finally, analysis of single photon computed tomography performed with the 3-[123]iodo-L-
alpha-methyl-tyrosine ([123I]IMT) on 11 patients from multicenter clinical trials has shown a
‘flare’ enhancement that correlated with strong inflammatory reaction [115]. Inflammatory
reactions are common side effects of brain tumor treatment, in particular, gene therapy, and
their precise influence on therapy outcome has not been determined. Indeed, it is unclear
whether these inflammatory reactions are important in establishing antitumoral immune
response and providing a therapeutic advantage, if they inhibit intratumoral persistence of virus
and limit therapeutic outcome, or if they induce stromal changes that assist tumor recurrence
by increasing angiogenesis and migration of cancer cells. Thus, developing imaging techniques
that provide quantitative and temporal information about inflammatory reactions during gene
therapy would help clarify how immune stimulation mediated by gene therapy interferes with
persistence of intratumoral vector or helps tumor therapy by establishing an antitumoral
immune response. Moreover, such techniques could elucidate the stromal changes in tumor
induced by these inflammatory responses.

Recently, a molecular imaging technique based on MRI of tumor-infiltrating macrophages that
employs dextran-coated monocrystalline iron oxide particles has been used. Phagocytosed by
circulating macrophages, the monocrystalline iron oxide particles give the macrophages
superparamagnetic properties that enable MRI without affecting macrophage function [80].
This technique has been used to quantify OV-mediated tumor infiltration of peripheral
macrophages in an experimental rat glioma model, and found that pretreatment of the animals
with cyclophosphamide inhibits this infiltration and that the infiltration correlates with
increased intratumoral replication and persistence of virus [80].
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5. Conclusions
The need to further develop gene therapies for malignant brain tumors is clear from the scarcity
of effective treatments as well as the promise emanating from the elucidation of the genetic
and physical features of such tumors and the positive outcomes reported in experimental
models of gene therapy. Clinical trials performed to date have proven that this therapeutic
technique is feasible and relatively safe, but have not yielded advanced therapeutic results.
Great efforts have been invested in finding the best system for gene therapy of brain tumors
and have included investigation of several vector systems and transgenic genes. The
development of viruses that selectively replicate in cancer cells has further broadened the hopes
for this therapeutic strategy. Indeed, OVs have the potential to lyse cancer cells and to carry
one or more transgenes that could increase antitumoral immunogenicity, increase intratumoral
concentration of a prodrug, or buffer the genetic alterations typical of brain tumor development
and progression. Thus, OVs could be used in multimodal therapies. Nevertheless, a lack of
understanding of the mechanism of efficient intratumoral vector delivery continues to block
efficient therapeutic outcome. Research on experimental models of glioma suggests that better
characterization of the tumor stroma and of the host physiological responses to viral delivery
may be key to solving the problems related to virus delivery, and developing non-invasive
molecular imaging techniques is essential to evaluate the progress following virus delivery.

6. Expert opinion
Over the last 10 years, various gene therapy systems have been tested in several clinical trials
in patients with malignant gliomas (Tables 1 and 2), and the results of all of the trials published
conclude that: gene therapy for malignant gliomas is safe and feasible, but inefficient at present;
and inefficient delivery of the therapeutic vectors and transgenes represents the major limit for
successful outcome of this therapeutic strategy. The results from these trials do not differ
significantly from the results obtained from standard postsurgical debulking chemo- and
radiotherapies, and survival rates are very similar. Investigators are diligently working towards
achieving successful performance of OV in vivo. Due to the capacity of these viruses to
replicate within cancer cells and spread their progeny throughout the tumor, they have been
perceived as having great potential for solving the problem of intratumoral distribution of drug.
However, animal models and clinical trials using OVs in patients with malignant gliomas seem
to show that OVs do not replicate as efficiently in vivo as in vitro. Nevertheless, comparison
of the poor intratumoral distribution of virus with therapeutic outcome indicates that gene
therapy using an improved vector has strong potential in the treatment of brain tumors.
Moreover, the development of gene therapy for brain tumors has brought to light two
fundamental novelties for the treatment of brain tumors: the evolution of molecular imaging
techniques to evaluate the physiological and molecular consequences of the therapy; and
clarification of the inflammatory processes that underlie treatment of brain tumors. The
potential to image the intratumoral distribution of the vector by detection of transgenes non-
invasively by using PET has led to strong efforts to develop molecular imaging techniques.
Today, non-invasive imaging in clinical trials can quantify the regression/progression and
metabolic and stromal characteristics of tumor, intratumoral distribution of the vector, and
persistence and appearance of inflammatory reactions in a time-dependent manner. An
understanding of all these data underlies a comprehension of the limits of brain tumor therapies
and the need to develop new means to efficiently target cancer cells disseminated through the
brain using therapeutic drugs.

Gene therapy has also served to shift our focus towards the problem of inflammatory reactions
from brain tumor treatment. Although inflammation also arises with standard radio- and
chemotherapy, it has never been understood as a means to alter tumor therapeutics as host
immune responses are unlikely to limit the intratumoral penetration of radiation. However, the
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problem of a host immune system that limits the capacity of viral vectors to perform their
therapeutic duties has raised concern regarding the significance of such inflammatory
responses to brain tumor progression and treatment. Indeed, glial cells in the brain react very
rapidly and efficiently to exogenous substances to produce inflammatory responses that
provide chemoresistance [116], immunosuppression [117] and tumorigenic changes of the
stroma [118].

Finally, experimental models of malignant gliomas have demonstrated the potential use of OVs
in multimodal therapies. Combination therapy helps address the problem of tumor diversity.
OVs can kill cancer cells as well as carrying genes that enhance a chemotherapeutic response,
inhibit angiogenesis or activate antitumor immunity, but multimodal therapies using OVs have
not yet been tested in clinical trials. Therefore, the authors believe that the testing of gene
therapy for brain tumors is only beginning and that the amount of novel information generated
using this therapeutic strategy should support further research in this field.
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